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The production of experimental hypertension by the Goldblatt mechanism 
of partial constriction of the renal arteries has been interpreted as due to renal 
"ischemia." However, renal blood flow studies have made it apparent that, at 
least  during  the  early stages  of  experimental hypertension,  the  renal  blood 
flow may be quantitatively within normal limits. The sequential  changes  in 
renal blood flow with prolonged experimental nephrogenic hypertension due to 
constriction of the renal arteries have not been studied. These were investigated 
in order to establish whether prolonged constriction of the renal arteries pro- 
duces long standing hemodynamic and pathologic changes. 
In the course of this study, analyses were also undertaken on dogs considered 
to have "spontaneous" hypertension. After an extended period of training for 
blood pressure  determinations,  occasional  dogs  were  observed in  which  the 
pressure remained at what is considered to be hypertensive levels. Instead of 
a  pressure level of 155/80 nun. Hg,' these animals had persistent pressures in 
excess of  185/100 even though they were at rest,  well trained,  and without 
visible excitement. These animals were considered of particular interest because 
of the possibility that  they may have other characteristics similar  to  those 
observed in human essential hypertension. 
Furthermore, the occurrence of such spontaneous hypertension in  the dog 
may afford an opportunity to study the effect of an increased arterial pressure 
on the renal arterioles and parenchyma, in contrast to the hypertension pro- 
duced by the Goldblatt technique. In the latter case, the presence of the renal 
artery clamp or ligature may prevent the full action of the arterial hypertension 
upon the kidney. 
* Aided by a grant from the  National  Heart Institute,  United States Public Health 
Service (H 77). 
Herbert G. Mayer Fellow. 
The department is supported in part by the Michael Reese Research Foundation. 
1  An analysis of the protocols of 127 trained unanesthetized dogs showed the mean systolic 
pressure to be 155 ram. Hg (range: 130-185, standard deviation 11 ram. Hg); the mean diastolic 
pressure, 80 ram. Hg (range 65-100, standard deviation 6 ram. Hg) (4). 
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Since some of the animals  came to autopsy during the course of the experi- 
ments,  it was possible  to assay  the effects on  the renal anatomy  of prolonged 
hypertension  with  (Goldblatt)  and  without  (spontaneous)  partial  constriction 
of the renal  arteries.  An attempt  was  also made  to  compare  renal  clearances 
and  pathological  findings  in  these  animals.  A  group  of  trained  normotensive 
dogs was studied to establish the normal range of renal hemodynamic functions. 
Methods 
Sixteen trained male mongrel dogs were used in this study  (Table I). Six of these were 
normotensive, 3  exhibited spontaneous  hypertension,  and  7 were nephrogenic  (Goldblatt) 
hypertensive. The 3 dogs with spontaneous hypertension had been under observation in this 
laboratory  for  over 2  years  at  the  onset  of  these  studies.  Two of  these  (Z15  and  Z20) 
had maintained an arterial pressure consistently greater than 185/100 ram. Hg throughout 
the period under observation, with an average of 195/110.  The third dog (Z11) was normoten- 
sive during his initial 3 months in the laboratory when, following an unidentified illness, it 
exhibited a blood pressure rise which was maintained at an average level of 190/110 for 3 years. 
Seven dogs with nephrogenic hypertension subsequent  to partial constriction of both  renal 
arteries with linen ligatures were under observation for from 4 to 24 months at the time these 
studies began. 
Blood pressures were recorded as routine on all animals once or twice per week, and on the 
days  of renal  clearance determinations.  Blood pressures  were recorded on unanesthetized 
animals with the Hamilton manometer according to the technique previously described (4). 
All renal clearances were done in the unanesthetized  postabsorptive  (12  hours)  animal, 
trained  to lie with loose restraints (5). Hydration was accomplished with 40 cc./kg, of water 
~/a stomach tube 50 to 90 minutes before collecting urine for the first clearance period. This 
was followed by intravenous 5 per cent glucose in water at a  rate of 6 cc./min, to produce 
osmotic diuresis (urine flows of 2 cc./min, or greater). Simultaneous determinations of glomem- 
lar filtration rate (GFR) by the creatinine clearance (5) and effective renal plasma flow (RPF) 
by the clearance of sodium para-aminohippurate  (PAH)  (6) were made. Three consecutive 
10 to 20 minute periods were completed in most cases.  Desired plasnm levels  of ereatinine and 
PAH (approximately 20 and 2 rag. per cent respectively) were obtained by intravenous priming 
injections into the foreleg vein 10 to 15 minutes prior to collecting the first urine sample, and 
maintained by constant infusion. Urine was collected v/a an indwelling bladder catheter. The 
bladder was rinsed with 15 to 40 ce. of distilled water plus air at the end of each urine collec- 
tion period. At the beginning and end of each urine collection period blood was withdrawn 
from the femoral artery v/a a  19 gauge needle into a heparinized syringe and centrifuged to 
separate the plasma. In some cases,  the femoral region was locally infiltrated with 2 per cent 
metycaine prior to the first arterial puncture. 
Plasmas were prepared  for creatinine and  PAH determination by cadmium sulfate pre- 
capitation (7) and the creatinine concentrations of the plasma filtrates and diluted urines were 
determined by the method of Folin and Wu (8). PAH was determined by the method of Smith 
eta/. (6). Chemical determinations were done in duplicate in almost all instances. 
The filtration fraction (FF) was calculated from the formula: 
Creatinine clearance (GFR)  FF= 
PAH clearance (RPF) 
The renal blood flow (RBF) was determined from the formula: 
RBF -- RPF/1--hematocrit (Wintrobe). 
Microscopic sections of the tissues of 5 autopsied dogs were stained with hematoxylin and 
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TABLE  I 
Average  Renal  Clearances on  Normotensive,  Spontaneous  Hypertensive,  and  Nephrogenl¢ 
Hypertensive Dogs during  Approximately  I  Year Period  of Observation 
Dog No. 
Glomerular filtration  Renal plasma flow 
~  rste 
.4  "~ m 
~  ~*~  "~o  ~  ~ o.  .~:::  Persq. m.  .~  Persq. m. 
body surface  body surface 
~  "J  ~--  "~'~  area  ~  ares 
cc.I  ¢c.lmin./sq. m,  kg.  sq. ra.  tara. ttg  cc./  cc.lrain./sq, ra.  rain.  raln. 
Norm~ens~e 
Z101  14.0 0.652 170/80  3  10  56  86  176  270 
Z102  15.00.682 150/85  3  9  61  89  197  i289 
Z49  14.8 0.678 155/75  2  5  70  103  150  221 
Z92  11.8 0.584 175/80  1  3  74  127  228  390 
Z83¶  13.6 0.644160/85  1  3  71  110  205  319 
Z100  17.3 0.752 165/85  1  4  84  112  211  280 
Average .....  104  4-  15.311 
FFi 
0.319 
0.310 
0.467 
0.325 
i0.347 
0.398 
295  ::1:: 57.~ D.353 
Spontaneous hy- 
pertensive 
Zll  18.8 0.796 190/110  3  8  65  82  192  241 
Z15  14.5 0.668 195/110  5  12  56  84  182  272 
Z20  32.41.131  195/115  5  13  113  100  332  294 
Average .....  89  -4-  9.9  269  -4-  26.6 
Nephrogeni¢ hy- 
pertensive 
Z33  11.00.556 200/120  1  3  52  94  142  255 
Z93  14.2 0.658 200/110  3  8  55  84  158  240 
Z36  20.8 0.848 185/110  3  10  58  68  179  211 
Z14  12.30.599 215/115  3  9  27  47  86  144 
Z81  16.8 0.738 225/130  2  6  39  53  91  123 
Z83"*  12.8 0.613 200/110  2  5  35  57  104  170 
Z95  22.410.892 200/115  5  13  58  65  141  158 
0.339 
C).308 
0.340 
0.331 
i 
0.366 
0.348 
0.324 
0.314 
0.429 
0.337 
0.411 
* Body surface area in square meters, calculated from the body weight according to the 
11.2W'eO7 
formula, S.A. =  ~,  where W  is the weight in grams. 
10,000 
B.P., blood pressure. 
§ FF, filtration fraction. 
¶  Prior to partial ligation of both renal arteries. 
![[ 15.3 is the  standard  deviation of  the  mean,  calculated  from  the formula: S.D.  == 
~//~  -  ~)' 
~- -- ~  , where S.D. is the standard deviation, e is the sum of, 7c is the mean, and x~ 
is one observation in the series, and N  is the number of observations in the series (25). 
** After partial ligation of both renal arteries. 514  PENAL  CLEARANCES  IN  It'TPEllTENSION 
stained with Sudan IV for lipids. Sections  of the kidneys were stained for elastic tissue with 
orcein-iron hematoxylin-picric  acid. 
RESULTS 
1.  Renal Clearances.--Table  I  and Text-fig. 1 summarize the renal clearance 
data on these dogs. Our group of 6 normotensive male animals exhibited a 
mean effective renal plasma flow and glomerular filtration rate of 295  -4-  58 
(range: 221-390)  and 104 ~  15  (range: 86--127) cc./min./sq.m, respectively, 
with a filtration fraction of 0.353.  These values are slightly higher than those 
recently reported by Houck (9)  for 75 normal female dogs (RPF: 266 -4-  66; 
GFR: 34.4  4- 19 cc./min./sq.m.; FF: 0.317); however, the differences are not 
statistically significant. 
All 3 dogs with spontaneous hypertension had renal clearances within the 
normal range (Table I). These values persisted unchanged for periods up to 6t 
weeks (Table III). The renal plasma flows in these 3 animals were 241,  272, 
294 cc./min./sq.m, respectively, with an average of 269 ~  27 cc./min./sq.m. 
These data are similar to those obtained on normal dogs by Houck (9)  and 
by us in the present study. The glomerular filtration rates and filtration frac- 
tions also showed no signfiicant deviations from normal in  these dogs with 
spontaneous hypertension. 
The dogs with nephrogenic hypertension may be divided into two groups. 
Dogs Z33 and Z93 exhibited no significant alteration from the normal in renal 
plasma flow or glomerular filtration rate.  Clearances on dog Z36 were some- 
what decreased  (RPF 211,  GFR 68  cc./min./sq.m.). However, this is not a 
significant alteration; these values fall statistically within the lower range of 
normal. The 4 other nephrogenic hypertensive dogs had significant reductions 
of both renal plasma flow and glomerular filtration rate. Two showed an in- 
creased filtration fraction (Table I). The dogs with reduced renal circulation 
tended to have a greater elevation of blood pressure than the others, but this 
correlation was not a  consistent one (Table I). 
Repeated renal clearances were obtained at varying intervals, ranging from 
2 to 52  weeks in most dogs. Several hypertensive animals were followed for 
over a year. During this time, no significant alterations of these functions were 
observed in any of the groups. The separate renal clearance values obtained at 
different times on each of 6 nephrogenic hypertensive animals are presented in 
Table II. These sequential studies failed to reveal any increase or decrease in 
renal plasma flow with time, regardless of the initial level of the renal plasma 
flow or the duration of the nephrogenic hypertension. For example, there is a 
preoperative control renal clearance in dog Z83  (Table II). Four weeks after 
bilateral constriction of both main renal arteries, there was a  considerable re- 
duction in renal plasma flow and glomerular filtration rate which persisted un- 
changed during the subsequent weeks this animal was observed.  Further, in ~.  STAMLER~ L.  N.  KATZ~ AND  S.  RODBARD  515 
GG./MIN./Sq.M. 
400- 
350 - 
300  -  .310 
.  .319 
250 -  I 
200- 
I50  - 
I00  - 
::'.-:  ,.'.-.. 
50  -  :.::.  1... ; 
.::  ..... 
•  °  *,.= 
0 
Z  I01  Z102 
NORMOTENSIVE 
,525 
:~47 
,467 
•  -  . 
~=•tl  *  •  d 
•  •  *,  %%  :°  ':-  : 
•  *•I•  ..  o* 
"• • o,  ... 
::-.:  ....  ...- 
o•l  •;o" 
,I  •o  °  •  I  •  .. 
Z49  ZW~  Ze3 
GO./MIN,/5Q.M. 
300 - 
250  .339 
~'O0- 
ISO  - 
I00  - 
SO-  -'"  .  ."'.; 
0  ""'" 
Zll 
SPONTANEOUS  HYPERTENSIVE 
.$4_2 
308 
I 
::o- 
i:'! 
•  %°, 
Z  15 
,:......- 
,.  ," • 
°  •• 
=%° 
e•  °....- 
Z20 
I  i 
CO./MIN./,~.M  NEPHROGENIG  HYPERTENSIVE 
~ 
366 
250 
.324 
200 - 
150 - 
I00 -. 
,.. 
m  o,•  . 
%  t  4  D••* 
50 m  -..:  .... 
o°;  ,," 
0  I"'"  "'" 
°..-  .-.°~ 
Z33  Z36 
RPF 
.348 
•  o- 
•  o  * 
"6- 
~°° 
Z  93 
.553 
.398 
! 
1 
•  oo  m 
~e o .  ~*l 
!::.  •="1 
•  e=  .-.=! 
•  =*="  i  =  " 
r  "%=  i  "%  " 
Z I00  AVERAGE 
2L~7 
z  ,4  z~s  z33  zgs 
GFR 
.334 
I 
,Q 
i.  o 
-o, 
~ERAGE 
I 
TExT-F10.  1.  Average renal  clearances in normotensive, spontaneous  hypertensive and 
nephrogenic hypertensive dogs during approximately i year of observation. RPF, renal plasma 
flow; GFR, glomerular filtration  rate; these  are represented  by  the  height  of  the  column 
from the 0 line. The number at the top of the column is the filtration fraction (FF). All values 
are corrected to a surface area of t  sq. m. (of. Table 1). 516  RENAL  CLEARANCES  IN"  HYPERTENSION 
TABLE II 
Serial Renal Clearances  on Nephrogen~ Hypertensive Dogs 
Time interval after bilateral  Glomerular  Renal plasma  Filtration 
Dog No.  Goldblatt operation  filtration rate  flow  fraction 
Z36 
Z93 
Z14 
Z81 
Z83 
Z95 
wks. 
66 
68 
78 
102" 
9 
12 
25 
32 
40 
44 
49 
62 
62 
66 
71 
77 
96 
100 
107 
11,5 
117 
120 
1½ 
43 
49 
cc./min./sq, m. 
67 
75 
64 
62 
93 
79 
79 
56 
82 
109 
84 
84 
47 
48 
40 
37 
52 
52 
67 
50 
50 
48 
41 
66 
54 
cc./min./sq,  m. 
208 
218 
210 
216 
245 
2i0 
271 
260 
269 
249 
251 
301 
147 
130 
149 
119 
99 
172 
164 
170 
132 
172 
121 
125 
141 
Preoperative  control 
4 
9 
½ 
24 
37* 
110 
53 
59 
64 
58 
71 
319 
185 
158 
140 
145 
168 
O. 324 
O. 346 
0.304 
O. 290 
0.380 
0.377 
O.  292 
0.215 
O.  305 
0.438 
0.335 
0.279 
0.320 
0.369 
0.269 
0.311 
0.,525 
O. 302 
0.409 
O. 294 
0.379 
0.279 
0.339 
0.528 
0.383 
O. 347 
O. 288 
0.375 
0.457 
0.400 
O. 423 
* These clearances were done on the anesthetized animals, using approximately 25 mg./kg. 
of sodium pentobarbital. 
dogs Z95 and Z81  (Table II) renal clearances obtained ½ and 1½ weeks post- 
operative were similarly reduced and persisted unchanged for 37 and 49 weeks 
respectively. Essentially similar changes in more chronic nephrogenic hyper- 
tensive animals are shown in Table II. ]. STAMLER;  L. N. KATZ~ AND S. RODBARD  517 
Analysis of the serial renal clearance data on the3  dogs with spontaneous 
hypertension (Table III) similarly reveals that over the course of as long as 54 
weeks  there  were no significant alterations with  time in either renal plasma 
flow or glomerular filtration rate. None of these dogs exhibited any tendency 
for the renal plasma flow to increase or decrease with time in the face of per- 
sisting benign spontaneous hypertension. 
TABLE III 
Serial Renal Clearances on Dogs u~th Spontaneous Hypertension 
Time interval  after  Dog. No.  initial  clearance  Glomerular  filtration  Renal  plasma flow  Filtration  fraction 
determination  rate 
Zll 
Z15 
Z20 
4 
7 
39* 
2 
10 
20 
28 
34* 
5 
34 
40 
46 
64:1: 
cc.ltnis.D¢.  ~n. 
88 
84 
67 
84 
79 
82 
82 
31 
78 
81 
111 
100 
95 
116 
57 
cc./mm.lsq, m. 
241 
275 
189 
225 
222 
243 
280 
240 
300 
265 
268 
281 
345 
300 
290 
267 
O. 365 
0.306 
0.353 
0.374 
0.356 
0.337 
0.293 
0.129 
0.260 
0.306 
0.414 
0.356 
0.276 
0.387 
0.213 
* These clearances were done on the anesthetized animals, using approximately 25 mg./kg. 
of sodium pentobarbital. 
:~ 5 per cent sodium chloride solution was used as the intravenous hydrating medium 
in this clearance. 
2.  Pathological  Findings.--Two  dogs  with spontaneous hypertension (Zll, 
Z15) and 3  nephrogenic hypertensive dogs  (Z36, Z93, Z95) have come to au- 
topsy. 
Zll, an animal with spontaneous hypertension, was sacrificed under sodium pentobarbital. 
Four days prior  to death a fluctuant abscess was produced by subcutaneous  injection of 
turpentine. The left ventricle was moderately hypertrophied  at autopsy.  Section of the ad- 
renals revealed the presence bilaterally of islets of adenomatous cortical hyperplasia extend- 
ing into the medulla (Fig. 1). These varied in diameter from 1 to 3 ram. Microscopic examina- 
tion of Sudan-stained sections confirmed that these hyperplastic islets were made up of cords 
and groups of lipid-rich adrenal cortical cells (Fig. 2A). In the gross the kidneys were not un- 518  RENAL  C~NCES  IN HYPERTENSION 
usual. They weighed 44 gin. each. The capsules were smooth and glistening and peeled with 
ease. The underlying parenchyma was normal in color and texture. Section revealed normal 
gross  architecture. Microscopic sections, however,  revealed considerable focal  changes in 
both kidneys. Scattered throughout the parenchyma, in the subcapsular, cortical, and medul- 
lary portions, there were small scars made up of hyalinlzed connective tissue. Some of these 
were periglomerular. In these areas, hyalinized  remuants of giomeruli could be made out; some 
intact giomeruli exhibited prominent juxtaglomerular apparatuses.  The cortical arterioles 
were thickened and narrowed by subintimal  hyaline infiltration (Fig. 3A). Elastic tissue stains 
revealed no signs of intimal proliferation and thickening; the internal elastic lamellae ap- 
peared intact throughout. Adjacent to such scarified  areas in the cortex,  and in the medulla 
as well,  there were dilated atrophic tubules distended by eosinophilic "colloid-like" casts 
(Fig. 3B). Some of these areas exhibited marked congestion. The pelvic mucosa was hyper- 
plastic; its underlying connective tissue was thickened, hyalinized, and infiltrated by round 
cells.  The arterioles in this area showed  marked hyaline thickening and narrowing. 
A second dog with spontaneous hypertension (Z15) was sacrificed  under sodium pento- 
barbital anesthesia after a period of 6 months during which no experimental intervention  was 
attempted with the exception of occasional renal clearances. Gross examination revealed 
moderate left ventricular hypertrophy. There were no unusual gross findings in any of the 
organs except the adrenals. As in dog Zll, multiple areas of cortical adenomatous hyperplasia 
were noted bilaterally on sectioning of the adrenals (Fig. 1). Microscopic examination of 
Sudan-stained sections confirmed the cortical origin of these islets of hyperplasia extending 
into the medulla (Fig. 2B). In the gross the kidneys were normal in appearance. Each weighed 
36 gin. The capsule was smooth and glistening  and stripped with ease. The underlying  paren- 
chyma was normal in color and texture. Section through the kidneys revealed normal gross 
architecture of the cortex, medulla, pelvis, and vasculature. Multiple microscopic  sections 
revealed normal histology in most areas. The following focal pathologic findings were, how- 
ever, noted in an occasional area of the otherwise normal slides: scattered lymphocytes and 
congestion in the pelvic submucosa; a  few areas of medullary fibrosis and lymphocytic in- 
filtration, tubular necrosis and atrophy with eosinophilic "colloid-like" casts filling the tubular 
lumina; deposition of flue calcium granules in the cells of an occasional collecting tubule; an 
occasional cortical scar with fibrosis,  lymphocytic infiltration, and hyaline thickening and 
narrowing of arterioles (Fig. 3C). There were no other unusual findings. These few chronic 
focal changes may be m~nlrnal residua of an old pyelonephrific or interstitial nephritic process. 
Microscopic  examination also  revealed focal  areas of acute bronchopneumonls in  the  lung 
bases. The other organs were normal microscopically. 
The 3 nephrogenic hypertensive dogs autopsied exhibited postmortem findings similar to 
those previously reported  (2, 3, 10), hence they will be presented in summary. In both dogs 
Z95 and Z36, the significant finding was a marked atrophy of one kidney, with contralateral 
renal hypertrophy (of. renal clearances--Table I). In the gross the atrophic kidneys exhibited 
thickening of the capsule, with focal areas of adhesion. The underlying  renal surface contained 
firm, smooth, depressed,  yellow white zones of scarring, which on section were found to extend 
throughout the kidney. The total kidney parenchyma was markedly reduced, the cortico- 
medullary junction was  indistinct. Microscopic examination (Figs.  3D,  E)  revealed focal 
hyaline and fibrous thickening of the capsule. In some areas the renal architecture was intact 
histologically. In others it was completely replaced by hyalinized connective tissue. In still 
others there was segmental tubular atrophy, hyalinization of some of the surviving glomeruli, 
and interstitial fibrosis.  In both of these nephrogenic hypertensive dogs  the contralateral 
hypertrophied kidney was otherwise not unusual in the gross or microscopically.  The third 
Goldblatt dog studied postmortem (Z93) exhibited minimal gross or microscopic  pathology 
in either kidney (cJ'. renal clearances--Table I), other than occasional focal microscopic  scars, 
plus marked acute hyperemia and diffuse cloudy swelling. These latter were caused by the J.  STAMLER,  L. N. KATZ, AND  S. RODBARD  519 
iiifuslon of hypertonic saline leading to death after several hours. In ali 3 Goldblatt dogs the 
adrenals showed no evidence of cortical adenoraatous hyperplasia (Fig. 1). 
DISCUSSION 
Goldblatt's experimental  work was based on the hypothesis that essential 
hypertension is secondary to stenosing renal vascular disease (1). He postulated 
that the resulting hemodynamic changes  might be effectively  simulated by 
partial constriction of the main renal artery (2, 3). Despite the overwhelming 
success of Goldblatt's experiments,  their interpretation and his hypothesis re- 
main matters of dispute. Thus, Smith (11) suggested that renal arteriosclerosis 
may well be a  consequence  of hypertension, rather than an antecedent de- 
rangement (pathogenesis  unknown) leading to a rise in blood pressure. 
The renal blood flow in human essential hypertension tends to be progres- 
sively reduced, with an increase in the filtration fraction (12). However, in al- 
most one-half of the 60 hypertensive individuals (12), the renal blood flow was 
within normal limits, although overwhelmingly  in the lower ranges.  On the 
other hand, our dogs with spontaneous hypertension showed no such tendency 
toward a progressively reduced renal blood flow, despite persistently elevated 
blood  pressures  over a  period  equivalent  to  about  10 years  of  the  human 
life span.  In these  animals, there were  no  deviations from normal values in 
either renal plasma flow or glomerular  filtration rate.  Moreover, successive 
clearance studies during the course of their 3rd year under observation failed 
to reveal any tendency toward progressive impairment of renal function in the 
presence of sustained spontaneous hypertension. 
Nephrogenic  hypertensive dogs  present  a  somewhat different pattern  of 
renal function. Thus, in some animals with Goldblatt hypertension effective 
renal blood flow may be within normal limits, whereas others show a depression. 
This is in accord  with previously reported studies (10, 13,  14). When serial 
renal clearances were done on such nephrogenic hypertensive animals over the 
course of a year or longer, they exhibited  no tendency for the effective renal 
blood  flow to become progressively  reduced.  This was true regardless  of the 
duration of the hypertension or the level of the renal blood flow initially re- 
corded. 
It is apparent from these data that canine chronic benign high blood pressure 
does not result in any progressive impairment of renal function. These findings 
are in apparent contrast to the situation in human essential  hypertension, in 
which  the hypertensive process  tends to be associated  with progressive  im- 
pairment of renal function. Studies  on experimental  malignant hypertension 
produced in dogs by partial occlusion of the renal arteries  have led to the de- 
duction that the arterial ligature protects the renal vasculature against ar- 
teriolar lesions by maintaining a low arterial tension within the kidney (2, 3). 
Without denying the validity of this concluson  for experimental malignant 
hypertension, our data on the constancy of renal function in spontaneous benign 520  RENAL  CLEARANCES IN HYPERTENSION 
hypertensive dogs indicate that other mechanisms must be operative.  These 
dogs had no ligatures partially occluding  the renal artery and reducing intra- 
renal vascular pressure.  Their kidney vasculature bore the full brunt  of the 
elevated blood pressure. Nevertheless,  they exhibited no progressive impair- 
ment of renal function, no generalized  arteriolonephrosclerosis,  and no progres- 
sive destruction of renal parenchyma.  Similar  findings  in benign nephrogenic 
hypertensive dogs lead one to infer that here too the lack of progressive changes 
is due to mechanisms other than  the ligature-induced lowered intrarenal  ar- 
terial pressure. Moreover, dogs with chronic benign spontaneous or nephrogenic 
hypertension do not develop the aortic, coronary, cerebral,  and renal arterio- 
sclerosis commonly seen in man with long standing essential hypertension (2, 
3, 10). This may merely be due to well known species differences between dog 
and man in susceptibility to degenerative vascular disease. It may also be due 
to the inability of hypertension a/one (i.e.  solely by its mechanical  effects)  to 
produce arterial and arteriolar sclerosis. 
Renewed interest in these problems of the pathogenesis of vascular sclerosis 
and its relationship to hypertension has been aroused by recent reports (15-18) 
that hypertension and kidney lesions,  including  nephrosclerosis,  may be pro- 
duced by disturbing the hormonal and electrolyte or nutritional balance. These 
studies tend to support the concept that vascular sclerosis is not a consequence 
of hypertension. 
Our data on serial renal clearances  in nephrogenic  hypertensive dogs during 
the first year following the Goldblatt operation bear upon the problem of the 
significance of a collateral renal circulation that may develop after constriction 
of the main renal artery. In a number of our dogs, a reduction in effective renal 
blood flow was observed in clearance studies done ½ to 4 weeks after partial 
ligation of both renal arteries. Repeated determinations at intervals during the 
ensuing year revealed no tendency for the diminished  effective renal blood flow 
to increase toward normal.  Whatever the level at which renal clearances sta- 
bilize in the immediate period (½ to 4 weeks) after the bilateral Goldblatt op- 
eration, this level persisted essentially unchanged in subsequent months. These 
data suggest that after constriction of both main renal arteries there is little 
tendency for Goldblatt dogs with persistent hypertension to develop a collateral 
circulation that makes any significant  dynamic contribution to augmentation 
of the effective renal blood flow. 
Our studies on the renal anatomic changes in these dogs with spontaneous 
and nephrogenic  hypertension revealed a  general correlation between patho- 
logical and physiological data. Thus partial ligation of the main renal arteries, 
leading to chronic  benign hypertension, produced gross anatomic renal altera- 
tions  and markedly depressed clearance  values in some dogs.  Here the im- 
paired renal functional status had an obvious anatomic basis,  although even 
under these  circumstances  renal  dynamic  vasospastic phenomena  (possibly 
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obtained (19). Further, absence of impaired effective renal plasma flow in some 
nephrogenic  hypertensive  dogs  correlated  with  the  quite  insignificant  renal 
parenchymal and vascular lesions they exhibited postmortem. In the dogs with 
spontaneous hypertension, absence of impaired effective renal plasma flow corre- 
lated with the postmortem findings in the gross of normal kidneys with minimal 
to moderate focal renal abnormalities.  Such pathological changes in the kid- 
neys are not uncommon in the dog (20, 21). As yet no attempt has been made 
to correlate them with blood pressure and renal clearance levels in a large series 
of animals. 
Similarly,  in human essential hypertension normal or low normal renal clear- 
ance findings  may be correlated with little anatomic evidence of renal paren- 
chymal damage and few or moderate changes in the vasculature of the kidney 
(22, 23). However, sclerotic lesions of the smaller renal arteries and arterioles 
are characteristic of human essential hypertension, even when renal clearance 
data are within  normal  or low normal  limits  (23). 
Therefore, while recognizing  the general validity of these pathophysiological 
correlations,  it is necessary to add that caution must be exercised in the inter- 
pretation of apparently normal renal clearance data. Clearance values that are 
statistically  within  normal  limits  do not necessarily mean kidneys that  are 
completely normal anatomically. Thus, dog Z11 with spontaneous hypertension 
had normal renal plasma flow and glomerular filtration rate despite the presence 
of bilateral focal renal pathology. Nephrogenic hypertensive dog Z93 also ex- 
hibited normal clearance findings with similar  focal renal pathology. The need 
for caution in interpreting normal renal clearance data is further evident from 
the postmortem finding in nephrogenic  hypertensive dog Z36 of advanced uni- 
lateral  renal  pathology accompanied  by contralateral  compensatory hyper- 
trophy. In this animal,  clearance data on both kidneys, yielding results statisti- 
caUy within the low normal range,  served only to mask the renal hemodynamic 
physiopathology. The point is further emphasized by a recent report (17) that 
in rats rendered hypertensive by treatment with desoxycorticosterone acetate, 
renal clearances  are maintained at control levels only by an increase  in kidney 
mass.  The kidneys of these rats had apparently been damaged by the patho- 
physiological process induced, and only compensatory hypertrophy made possi- 
ble normal renal function. Thus it becomes essential to interpret renal clearance 
data judiciously, in terms of several associated factors. 
In evaluating the pathogenesis of spontaneous canine  hypertension, at least 
three possibilities  must be considered in view of our data: 
1.  In the presence of focal renal pathology involving the arterioles however 
slightly, a possible renal origin  of the hypertension must be considered.  This 
possibility remains a valid one despite normal renal clearance values (of.  man), 
since these dogs may still have intrarenal hemodynamic alterations presumably 
leading to "ischemia" of parts of the kidney with the release of humoral pressor 
agents. Definitive proof of such a renal mechanism in spontaneous canine hy- 
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2.  The blood pressure elevation in dogs with spontaneous hypertension may 
represent the upper range of normal values. In this respect,  the diagnosis  of 
human hypertension presents similar difficulties. However, suggestive evidence 
against this possibility is the fact that one dog (ZII) had a normal blood pres- 
sure during his initial period of observation and subsequently developed spon- 
taneous hypertension. With regard to the anatomic diagnosis  of hypertension, 
neither dogs with benign spontaneous nor with nephrogenic hypertension de- 
velop the common renal,  coronary, and cerebral arterial changes characteristi- 
cally complicating  the hypertensive state in man.  As already indicated,  this 
appears to be a consequence of species differences  in susceptibility to arterio- 
sclerosis,  rather  than  a  reflection  of fundamentally  different  hemodynamic 
processes.  Despite these species  differences,  these dogs are as truly hyperten- 
sive as the Goldblatt animals with similar blood pressure levels. 
3.  Spontaneous  canine  hypertension  may  be  extrarenal  in  pathogenesis. 
Among the several possibilities,  an adrenal or adreno-renal mechanism assumes 
particular prominence in view of the finding  of bilateral adrenal cortical aden- 
omatons hyperplasia in both of our dogs with spontaneous hypertension coming 
to autopsy. This pathologic datum is difficult  to evaluate. Its incidence  in an 
adequate sampling of normotensive dogs versus dogs with spontaneous hyper- 
tension, and its general correlation with blood pressure levels,  have not been 
determined. Preliminary data from this laboratory suggest that there is little 
correlation between presence of adrenal cortical adenomatous hyperplasia and 
level of blood pressure  in the  dog.  Bruger et al.  (24)  have analyzed  the in- 
cidence of adrenal cortical hyperplasia and  benign adenomatosis in hyperten- 
sive  as  contrasted  with  normotensive  patients.  No  differences  were  found. 
Contradictory data has, however, been advanced by Russi et al.  (26) who re- 
ported that  in a  series  of 9000 routine autopsies,  hypertension and diabetes 
mellitns  occurred  five  times  as  frequently  in  persons  with  benign  cortical 
adenomas as in the general autopsy group. All these facts are particularly note- 
worthy in view of recent findings that administration of pituitary adrenocortico- 
trophic hormone (ACTH) may evoke both adrenal cortical adenomatous hyper- 
plasia  and  hypertension  (a  Cushing  syndrome-like pattern).  The  definitive 
elucidation of the r61e of the adrenal cortex and adrenal cortical adenomatous 
hyperplasia  in  the  pathogenesis  of  canine  and  human  hypertension  awaits 
further investigation. 
SUMMARY 
Evidence  is  presented  on  the  occurrence of spontaneous  hypertension  in 
dogs. 
All dogs with spontaneous hypertension exhibited normal renal plasma flow 
and glomerular filtration rate. 
Clearances on nephrogenic hypertensive dogs revealed that some exhibited 
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flow and ~lomemlar filtration rate. In the latter, the filtration fraction may or 
may not be elevated. 
Serial  renal  clearances  were done at intervals on 3 dogs with spontaneous 
hypertension during their 3rd year of known hypertension. They exhibited no 
tendency to develop impaired renal function in the face of prolonged benign 
hypertension. 
Serial  renal  clearances  on nephrogenic hypertensive dogs revealed no tend- 
ency for  kidney function  to  become progressively impaired.  This was  true, 
whether  the  immediate  postoperative  clearance  values were normal  or  de- 
pressed. It was also true regardless of the duration of the hypertension. 
It is suggested that mechanisms other than elevated blood pressure per se 
operate to produce progressive kidney damage and impairment of renal func- 
tion. 
No tendency was revealed over the course of a year or more for the kidney 
function  to  improve  in  Goldblatt  dogs exhibiting  depressed clearances  im- 
mediately postoperatively. This  is  interpreted as evidence against  the post- 
operative development in persistently hypertensive Goldblatt dogs of a renal 
collateral circulation  sufficient  to augment  significantly  effective renal blood 
~IOW. 
Pathological studies on 2 dogs with spontaneous hypertension revealed slight 
to moderate chronic focal lesions in the kidneys, and bilateral adrenal cortical 
adenomatous hyperplasia. Both lesions may have no pathogenetic significance. 
In accord with previous observations, autopsies on 3 Goldblatt dogs revealed 
minimal renal changes in one, and unilateral kidney atrophy with contralateral 
hypertrophy in the 2 others. The adrenals were normal. 
In  general,  data  on renal  clearances showed correlation with postmortem 
kidney findings.  However, normal renal clearances are found in the presence of 
anatomically abnormal kidneys. 
The findings  in canine spontaneous and nephrogenic hypertension are com- 
pared and  contrasted with  data  obtained  in  human  essential  hypertension. 
Pathogenetic relationships are discussed. 
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EXPLANATION OF PLATES 
PLATE 35 
FIG. 1. Gross cross-sections of the adrenals. Upper right (a)--Z93; lower right (b) 
--Z95. Adrenals of these nephrogenic hypertensive dogs were normal. Left and upper 
left (c)--ZlS. Middle row, center and bottom (d)--Zl 1. Note islets of cortical adenom- 
atous hyperplasia in all 4 adrenals  of these  2 dogs with spontaneous  hypertension. 
Discussed in text. 
FIG. 2 A. Microscopic section of adrenal, Zll. Note (towards right) wedge-shaped 
deep-staining  zone of cortical adenomatous  hyperplasia  bisecting the I/ght-staiMng 
medulla.  Frozen  section,  Sudan IV.  X  40. 
FIG. 2 B. Microscopic section  of adrenal,  Zl5.  Note  (right center)  ovoid deep- 
staining islet  of cortical  adenomatous  hyperplasia  extending  into medulla.  Frozen 
section,  Sudan IV. Discussed in text.  ×  40. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  90  PLATE  35 
(Stamler et al. : Renal clearances in hypertension) PLATE 36 
FIG.  3 A.  Kidney,  Z11.  Note  prominent  juxtaglomerular  apparatus;  arteriolar 
hyaline thickening and narrowing; tubular atrophy, casts, interstitial fibrosis.  Hema- 
toxylin and eosin.  ×  110. 
FIG. 3 B.  Kidney, Z11.  A second field exhibiting focal pathological changes. Note 
fluid in Bowman's capsule of one glomerulus; early hyalinization of adjacent glomer- 
ulus;  hyaline  and  fibrous  arteriolar  thickening;  tubular  atrophy,  dilatation,  casts, 
interstitial  fibrosis.  Hematoxylin  and  eosin.  X  110. 
FzG.  3 C.  Kidney,  Z15.  Focal  lesion,  exhibiting  slight  arteriolar  thickening,  ex- 
tensive  interstitial  fibrosis,  segmental  tubular  atrophy, dilatation, and "colloid-like" 
casts. Hematoxylin and eosin.  X  110. 
FIG. 3 D.  Atrophic left kidney, Z95.  Tubular necrosis,  atrophy, dilatation,  casts, 
hyalinized glomerulus  (upper right),  interstitial  fibrosis.  Hematoxylin and  eosin.  × 
110. 
FIG. 3 E. Atrophic right kidney, Z36. Tubular necrosis,  atrophy, dilatation,  casts; 
moderate arteriolar  thickening;  hyalinized  glomerulus (center);  interstitial  fibresis. 
Hematoxylin and eosin.  Discussed in text.  X  110. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  90  PLATE  36 
(Stamler et al. : Renal clearances in hypertension) 